Iron and copper toxicity has been presumed to involve the formation of hydroxyl rad
Iron and copper toxicity has been presumed to involve the formation of hydroxyl radical ( . 
OH) from H 2 O 2 in the Fenton reaction. The aim of this study was to verify that
However, an alternative mechanism would be that biological free radical oxidations are a consequence of a direct interaction between a metal ion and dioxygen (O 2 [10] . HPLC measurements were performed on a Shimadzu System (Kyoto, Japan) consisting of a LC-6A Solvent Delivery Pump, a L-ECD-6A Electrochemical Detector, a SCL-6B Controller, a Chromatopac C-R4A data processor and an on-line ERC-3312 Degasser (Erma, Tokyo, Japan). A Macherey-Nagel Nucleosil C 18 250´4.6 mm reverse phase column was used for the separation (Duren, Germany). The eluent was 96% (v/v) 45 mM citrate/61 mM sodium acetate/47 mM acetic acid buffer (pH 3.6)/4% methanol. It was filtered through a 0.22 mm membrane filter (Millipore, Ireland) and pumped at a flow rate of 1.5 ml/min.
The reaction mixture pO 2 was measured with a Ciba-Corning 248 pH/Gas Analyser (Essex, England).
Statistics. All data are expressed as mean ± S.E.M. Significant differences (P < 0.05) among groups were calculated by one-way analysis of variance followed by the Dunnet's procedure. Non-paired Student's t-test was also used when appropriate. was reduced by 32% and 26% by SOD (500 U/ml) and catalase (1000 U/ml), respectively, and it was not affected and augmented by heat-inactivated SOD and catalase, respectively ( Table 1 ). At time 0, 10 mM Fe 2+ was added to the Krebs-Henseleit buffer containing 1 mM salicylate and the reaction was followed for 30 min. The buffer was pre-equilibrated either with 95% O 2 + 5% CO 2 (oxygenated, pO 2 614±15 mmHg) or with 95% N 2 + 5% CO 2 gas mixture (deoxygenated, pO 2 6.8 ± 1.5 mmHg). The values represent the mean ± S.E.M. of 4-5 determinations. creases from zero (DFX added to the medium) to that resulting in saturation (Fig. 3) .
RESULTS

Fe
The Fe 2+ -mediated . OH yield was enhanced not only by Fe 3+ but also by Cu 2+ (Fig. 3) . Likewise, DFX reduced the . OH yield from the Cu + -mediated reaction (Table 1) . Oxygenated KH contained 0, 5, 10, 50, 100 or 200 mM Fe 3+ (at pH 7.4) or 0, 50, 100 or 200 mM Cu 2+ (at pH 6.6) and the reaction was started by the addition of 10 mM Fe 2+ . The arrow points to the DHBAs production in the reaction mixture containing 10 mM desferrioxamine and 10 mM Fe 2+ (data repeated from Table 1 ).
The values represent the mean ± S.E.M. of 5-7 determinations. *P < 0.05 vs zero Fe 3+ or zero Cu 2+ . The reaction starts with the autoxidation of the metal (-). chemistry is possible also in biological systems. To avoid confounding the assessment of . OH by radicals originating from glucose oxidation [12] , the sugar was omitted from KH. Given all these conditions, the detection of salicylate hydroxylation, employed in this study, provided a specific method for quantitative analysis of only the metal-mediated and predominantly phosphate promoted . OH generation [13] . Furthermore, micromolar concentrations of iron and copper ions were used. These concentrations seem to be physiologically relevant, for instance, in the context of myocardial ischaemia/reperfusion. Ischaemia has been demonstrated to redistribute sequestrated intracellular iron into the low molecular weight pool [14, 15] and in KH perfused isolated rat heart this pool was estimated to increase from 2 mM up to 54 mM [15] . In addition, submicromolar and micromolar concentrations of copper and iron, respectively, have been shown to be released from the perfused rat heart upon reperfusion [16, 17] . Of note, in our previous measurements, using the same salicylate method as employed here, the post-ischemic DHBAs outflow in KH perfused isolated guinea pig hearts amounted to 4-7 pmol/ml [18] . As evident from Fig. 2 , this amount is comparable to the DHBAs production mediated in vitro by about 5 mM Fe 2+ , a concentration encountered in the isolated ischaemic/reperfused rat heart [16, 17] . (Fig. 3) . Third, when studied in the standard KH, the Fe 2+ -mediated reaction appeared to die out within 30 s (Fig. 1) . However, in the presence of an excess of the reductant (ascorbate), the reaction continued for at least 90 min, an effect abolished by DFX (Fig. 4) To combine the discussed observations into one mechanism we propose a simplified scheme in which at least four individual reactions (Eqns. 4, 1, 3 plus the metal redox cycling reaction), interacting with one another, as speculated in Fig. 7 (Fig. 6) .
Figure 4. Formation of 2,5-plus 2,3-dihydroxybenzoic acids (DHBAs) in the media containing ascorbate.
Formation of DHBAs upon addition of ascorbate to
The biological relevance of the results
Extrapolated to biological systems, these data suggest that tissues exposed to an increased concentration of iron and/or copper (e.g., liberated from internal stores) may be prone to oxidative damage related to the metal ion-O 2 -mediated free radical production. This might be indeed so, because transition metals, when liberated from intracellular stores, are probably present in reduced forms [2, 3] .
If it is taken for granted that increased pool of low molecular mass iron and copper is present in ischemic tissues [14, 15, 23] , it becomes apparent that reperfusion, which induces tissue injury in a mechanism involving . OH [24] , creates particularly favourable conditions for the metal ion-O 2 reaction to occur. This is because: (i) this reaction is fast enough to account for the reperfusion-induced production of free radicals (Fig. 1); (ii) O 2 , catalytic metals, and their reductants (including enzymatically produced O 2 × ) are abundant, and (iii) intracellular pH rapidly changes in the alkaline direction [25] in the reperfused tissue, the condition reported here (Fig. 3 ) and by others [26] to facilitate metal ion-O 2 chemistry. In view of the production of . OH caused by homocysteine (Fig. 5) , there is evidence to link high plasma levels of homocysteine to atherothrombosis in humans [27] . There is also evidence that the pro-oxidative properties of ascorbate [28, 29] (Figs. 4 and 5] are of a biological relevance [29, 30] . It must be realized, however, that the metal ion-O 2 chemistry was studied here in a medium devoid of proteins and containing a relatively high O 2 concentration (pO 2 about 600 mmHg vs. 100 mmHg in the arterial blood), which may limit the biological relevance of our results, e.g., to organs perfused with buffered saline solutions only.
Altogether 
